The role of inherent Ca 2þ in phosphorus removal from wastewater was evaluated by batch tests.
INTRODUCTION
Phosphorus extensively exists in domestic, agricultural and industrial wastewater. Phosphorus is often present in the form of phosphates including inorganic phosphate, organic phosphate, and polyphosphate. Although phosphorus is an essential nutrient for the growth of organisms in most ecosystems, excess phosphorus discharged into various surface water bodies can stimulate abnormal growth of hydrophytes, resulting in the deterioration of water quality and eutrophication. Therefore, the removal of phosphorus from wastewater should be effectively performed to protect the surrounding environment.
Various technologies such as physical, chemical and biological methods have been used to remove phosphorus from wastewater. Physical methods including reverse osmosis and electrodialysis were expensive while biological treatments were unfeasible due to great variations in chemical composition and temperature of wastewater (Yeoman et al. ; Gong et al. ) . Chemical methods were more effective for phosphorus removal through the adsorption and precipitation of phosphate with calcium, iron and aluminum salts (Boisvert et al. ; Fytianos et al. ) . Nevertheless, more cheap and available materials are still highly desired to decrease running cost.
In the last decades, natural minerals (limestone (Johansson-Westholm ), zeolites ( Johansson-Westholm ), bauxite (Johansson-Westholm ), dolomite (Karaca et al. ) , gastropod shell (Oladoja et al. , , a, b) and industrial by-products (fly ash (Cheung & Venkitachalam ; Li et al. ) , dewatered alum sludge (Yang et al. ) , coal cinder (Wang et al. ) , iron oxide tailing (Zeng et al. ) , and blast furnace slag (Oguz ; Kostura et al. ) ) have been widely assessed for their capacity to sequester phosphorus. The common characteristics of these materials lie in the presence of high levels of Ca-, Fe-, or Al-containing species, which indicates their high ability to remove phosphorus. Particularly, the by-products (basic oxygen furnace slag (BOFS) and electric arc furnace slag) from the steel industry have been given great attention, to investigate them as appropriate substrates for phosphorus removal by various methods such as batch tests ( Jha et In this work, the interaction between inherent Ca 2þ and phosphorus in wastewater was investigated in detail. Ca-P precipitates were characterized using X-ray diffractometer (XRD), Fourier transform infrared spectrophotometer (FT-IR), and scanning electron microscope-energy dispersive spectrometer (SEM-EDS). Effects of inherent Ca 2þ on phosphorus removal by BOFS were also analyzed when BOFS was selected as an example of cheap and available materials.
METHODS

Batch tests
Batch tests were performed to investigate the interaction between inherent Ca 2þ and phosphorus in wastewater. Wastewater containing phosphorus (25-100 mg P/L) was prepared using tap water or deionized water and KH 2 PO 4 as phosphorus source and did not contain organics. This means that 'experimental artificial' wastewater contained only the inorganic part of the wastewater and the organics-free environment was used to investigate the role of inherent Ca 2þ in phosphorus removal. According to results of the atomic absorption spectrometric method (AAS, TAS-990), average Ca 2þ concentration in tap water was 43.5 mg/L while it was less than detection limit (0.017 mg Ca/L) in deionized water. Other cations that can react with phosphate were also measured. The concentrations of Mg 2þ and iron ions (both Fe 3þ and Fe 2þ ) in tap water were only 1.63 mg/L and 0.2 mg/L, respectively, indicating that they have little effect on the phosphorus removal.
To adjust the pH and cause the interaction of Ca 2þ and phosphate, NaOH solution (0.25 mol/L) of a certain volume was put into the beaker containing 250 mL artificial wastewater. The pH was measured through a pH meter (PHS-3C model). The solution was continuously stirred by a stirring apparatus with a temperature controlling system. The reaction temperature was 25 W C. The solution was sampled at a certain interval and centrifuged at 3,000 rpm for 5.0 min to separate the precipitate. The clear solution was used to measure the changes of phosphorus concentration. The precipitates were filtered and dried at 105 W C.
Three independent experiments were carried out to detect the reproducibility of the results.
Effects of inherent Ca 2þ on phosphorus removal by BOFS
BOFS was from Anshan Iron and Steel Group Corporation in Liaoning province of China. BOFS was ground into fine powder and sieved to obtain samples with a size range of 0.038-0.045 mm. Chemical composition of BOFS was analyzed by X-ray fluorescence, determining that it consisted of CaO (47.08%), Fe 2 O 3 (36.12%), SiO 2 (8.04%), and MgO (4.94%). BOFS was introduced into the artificial wastewater containing phosphorus that was prepared using tap water or deionized water. Removal efficiency and kinetics of phosphorus were compared to determine effects of inherent Ca 2þ on phosphorus removal through BOFS.
Analysis methods
Changes of phosphorus concentration were measured by the ammonium molybdate spectrometric method using a UV-visible spectrophotometer (UV-vis, UV-2550). SEM-EDS (S-3400N) was employed to investigate the morphology and elemental composition of the precipitates. Functional groups of the precipitates were examined by FT-IR (Thermo Nicolet-380) in the range of 4,000-400 cm À1 with KBr as a pelletizing medium. Mineral composition of the precipitates was investigated through XRD (DX-2600) Ca 2þ in wastewater, the alkalinity of wastewater was adjusted by adding NaOH solution. Figure 1 compares changes of phosphorus concentration in artificial wastewater prepared with deionized water or tap water. The phosphorus concentration in artificial wastewater prepared with deionized water almost remained unchanged while that in artificial wastewater prepared with tap water exhibited a significant decrease and white precipitates were formed. Phosphorus concentration in artificial wastewater prepared with tap water drastically decreased within the initial 10 min and then hardly varied with time. This suggests that certain kinds of ions in tap water may contribute to the removal of phosphorus. Temporal changes of Ca 2þ concentration in artificial wastewater (initial concentration 50 mg P/L) prepared with tap water were also measured after adding 5.0 mL NaOH solution of 0.25 mol/L. The Ca 2þ concentration in artificial wastewater prepared with tap water showed the same trend as the phosphorus concentration. After introducing extrinsic Ca 2þ of 45 mg/L into artificial wastewater prepared with deionized water, the addition of NaOH solution (5.0 mL, 0.25 mol/L) also resulted in the fast removal of phosphorus together with Ca 2þ and the final pH of 10.1. These results imply that Ca-P precipitates can contribute to the removal of phosphorus in artificial wastewater prepared with tap water, suggesting that inherent Ca 2þ may become a scavenger of phosphorus in wastewater. The removal of phosphorus is a fast process involving the complex interactions of phosphate and Ca 2þ under alkaline conditions. The decrease of phosphorus concentration was gradually enlarged with increasing NaOH concentration, which was ascribed to the increase in the alkalinity of wastewater. Figure 2 shows changes of residual phosphorus (C R ) in artificial wastewater by tap water with increasing alkalinity that was expressed as the pH at 60 min after adding NaOH solution. The small error bars, which are the standard deviation of the data of three independent experiments, suggest the good reproducibility of results. For phosphorus with initial concentrations of 25-100 mg/L, C R linearly decreased with increasing the pH from 7.0 to 10.0. The slope was small at high initial phosphorus concentration, suggesting that the phosphorus at low initial concentration is more sensitive to changes of the pH. C R almost remained unchanged at pH higher than 10.0, which may be due to the limited content of inherent Ca 2þ in artificial wastewater. The percentage decrease of C R reached 85-90% at initial phosphorus concentration of 25-50 mg/L while it was only 45-55% at initial phosphorus concentration of 75-100 mg/L. According to the minimum C R at initial concentration of 50, 75 and 100 mg/L, it was concluded that inherent Ca 2þ and other ions in 1.0 L artificial wastewater prepared with tap water can remove 42.9 ± 1.1 mg phosphorus by adjusting the pH to alkaline conditions. Certainly, this significantly depends on the content of inherent Ca 2þ in wastewater. precipitates predominantly consisted of Ca, P, and O ( Figure  3(b) ). This indicates that the precipitates may be assigned to the crystallization of phosphate with inherent Ca 2þ in artificial wastewater. A weak Mg peak suggests that Mg 2þ may also slightly contribute to the phosphorus removal. According to EDS results at five sites, the mass ratio of Mg, Ca and P was 4.4 ± 0.2, 24.5 ± 2.8 and 31.9 ± 5.4%, respectively. It was assumed that Mg 3 (PO 4 ) 2 was only stable solid phase through the crystallization of PO (PO 4 ) 2 ) may be also formed and lead to the molar ratio of Ca to P-Ca of lower than 1.67. Figure 4 shows the FT-IR spectra of the precipitates. Two peaks at 570 and 1,050 cm À1 were assigned to the PO 4 3À vibration ( The XRD pattern was used to identify the minerals of precipitates. Figure 5 displayed a broad peak at 24-34 W , which may be related to several minerals with similar peak positions or poor crystallizations (Gadaleta et al. ) . Based on EDS and FT-IR results, the peak may be assigned to CaCO 3 and Ca-P precipitates including CaHPO 4 , Ca 4 H(PO 4 ) 3 , Ca 3 (PO 4 ) 2 , and Ca 5 (PO 4 ) 3 (OH). The characterization results also suggest that the difference in the phosphorus removal from artificial wastewater prepared with tap water and that prepared with deionized water (Figure 1) 
Characterizations of precipitates
The formation sequence of Ca-P precipitates depended on their solubility, following the Ostwald's step rule precipitates may provide the adsorption sites for phosphorus and enhance the removal of phosphorus.
The charge of phosphate ions was dependent on the pH. Phosphoric acid existed in equilibrium among the four forms including H 3 PO 4 , H 2 PO 4 À , HPO 4 2À , and PO 4 3À . The equilibrium constants of phosphoric acid dissociation were pK a1 ¼ 2.12, pK a2 ¼ 7.21, and pK a3 ¼ 12.67, respectively. The amount of multivalent phosphate ions should be small at lower acidic pH. Therefore, according to Equations (1)-(4), Ca-P precipitates increase with increasing the pH.
Effects of inherent Ca 2þ on phosphorus removal by BOFS
BOFS is a by-product of the steel industry and a Ca-rich material. Numerous studies have demonstrated that BOFS was an efficient material for phosphorus removal from wastewater ( Figures 1 and 2 , inherent Ca 2þ in wastewater can contribute to the phosphorus removal. However, few of the previous papers investigated effects of inherent Ca 2þ in wastewater on the phosphorus removal by BOFS. When BOFS was used to remove the phosphorus from wastewater, Barca et al. () indicated that inherent Ca 2þ in wastewater can become a further source of available Ca 2þ for HAP precipitation, thus leading to an increase in phosphorus removal efficiency. Artificial wastewater prepared with tap water contained Ca 2þ of 43.5 mg/L while there was almost no Ca 2þ in artificial wastewater prepared with deionized water. This may result in the difference in phosphorus removal by BOFS. To identify the role of inherent Ca 2þ in phosphorus removal, Figure 6 compared the kinetics of phosphorus removal by BOFS from artificial wastewater prepared with tap water and deionized water. The first-order kinetics was expressed as Equation (5),
where C t is the concentration of reactant at time t, C 0 is the initial concentration of reactant, and k is the first-order rate constant. As shown in Figure 6 , the natural logarithm of phosphorus concentration and time exhibited a good linear relationship, suggesting that the phosphorus removal by BOFS can be reasonably described through the first-order kinetics. A few studies have also determined that the firstorder reaction equation can well analyze the removal process of phosphorus by steel slag ( Jha et al. ; Barca et al. ) . These demonstrate the first-order kinetics nature of phosphorus removal by BOFS. The rate constant (k DW ) of phosphorus removal in artificial wastewater prepared with deionized water was (6.4 ± 0.4) × 10 À3 min À1 while that (k TW ) in artificial wastewater prepared with tap water was (1.9 ± 0.1) × 10 À2 min À1 and was larger by a factor of about 3.0. Also, the phosphorus removal efficiency in artificial wastewater prepared with tap water was larger by 15.5% than that in artificial wastewater prepared with deionized water.
Phosphorus treatment significantly depends on the pH and Ca 2þ content, which are related to the dissolution of BOFS. The hydration of complex minerals containing Ca, including calcium oxide, calcium silicates, bredigite and gehlenite, can result in an increase of Ca 2þ and OH À concentrations (Yan et al. ; Kostura et al. ) . For artificial wastewater prepared with tap water and deionized water, the pH increased from initial 6.5 to 9.8 after the phosphorus removal by BOFS for 60 min. Since the precipitation of PO 4 3À and Ca 2þ is very fast under basic conditions, the dissolution of Ca 2þ should be the rate-limiting step of phosphorus removal by BOFS. This was also confirmed by the fact that Ca 2þ concentration in artificial wastewater prepared with tap water and deionized water after the phosphorus removal by BOFS for 60 min was lower than the detection limit (0.017 mg Ca/L). Before the reaction of PO 4 3À with Ca 2þ from BOFS dissolution, inherent Ca 2þ in wastewater may react with PO 4 3À . Therefore, inherent Ca 2þ in wastewater not only increased the removal efficiency of phosphorus but also accelerated its removal process by BOFS. Soluble Ca 2þ from tens to hundreds of milligrams per litre usually exists in natural water, tap water and wastewater. Previous studies have also demonstrated that the dissolution of BOFS can result in a high effluent pH, even up to 12.0 (Bowden et 
CONCLUSIONS
Under appropriate alkaline conditions, inherent Ca 2þ may become a scavenger of phosphorus in wastewater by forming Ca-P precipitates. Residual phosphorus linearly decreased with increasing the pH from 7.0 to 10.0 and then remained unchanged at higher pH than 10.0. Inherent Ca 2þ and other ions in 1.0 L artificial wastewater prepared with tap water can remove the 42.9 ± 1.1 mg phosphorus through adjusting the pH. EDS results confirmed that the precipitates were predominantly composed of Ca, P and O. Molar ratio of Ca to P-Ca in the precipitates varied in the range of 1.1-1.4. FT-IR spectra of the precipitates detected the presence of functional groups PO 4 3À , OH À , and CO 3 2À . According to the XRD pattern, the precipitates may consist of some Ca-P phosphates and CaCO 3 .
Comparing the results of phosphorus removal from artificial wastewater prepared with tap water or deionized water, inherent Ca 2þ in wastewater not only increased the phosphorus removal efficiency but also accelerated its removal process by BOFS.
